The established role of aminoacyl-transfer ribonucleic acid (tRNA) synthetases in protein synthesis, their involvement in regulatory processes, and their use in studying the basic phenomenon of nucleic acid "recognition" by specific proteins have all been reviewed recently (2, 3, 13, 20, 21, 23, 27, 29, (30) (31) (32) 35) . Much of the insight into the structure and function of these enzymes has come from the study of genetically modified synthetases. Temperature-sensitive mutants have been found with alterations in the synthetases for valine (2, 36) , phenylalanine (21) , and alanine (10) . Analogue-resistant synthetase mutants have been found for phenylalanine (3) , arginine (9) , isoleucine (32) , and histidine (27) . Mutants with synthetases displaying elevated amino acid Km values have appeared among auxotrophs requiring histidine (20) , tryptophan (1), tyrosine (30) , glycine (4), or methionine (8) .
A previous communication (19) related the isolation of three mutants with decreased ability to charge tRNA with glutamic acid. In this paper we verify that these streptomycin (Sm)-suppressible lethal mutants have altered glutamyl-tRNA synthetases and discuss similarities and differences among them. 
MATERIALS AND METHODS
The derivation of the mutants, the media employed, the methods used for mapping and growth studies, and the preparation of S1OO extracts were all previously described (19 The column was washed with buffer S until the absorbance at 280 nm fell to the base level, and then eluted with buffer S containing 0.25 M NH4Cl. The peak resulting from the change of buffer was assayed for glutamyl-tRNA synthetase activity, and the activitycontaining fractions (50 ml) were pooled and concentrated fourfold by dialysis against buffer S containing 30% polyethylene glycol (PEG), molecular weight 6,000. Concentration was followed by overnight dialysis against buffer S (no PEG), and the extract was stored in 50% glycerol at -17 C.
Aminoacyl-tRNA synthetase assays. All 20 amino- (6) by J. Bartz and D. Soll, and samples of each were generously provided by them.
RESULTS
Screening. As described in the accompanying communication (19) , a number of mutants was isolated which exhibit a progressive decline in the rate of protein synthesis following the removal of Sm from the medium. Ten of these mutants were chosen for analysis of aminoacyl-tRNA synthetase activities. The S100 extract of EM-0 (the parent strain) was first checked for linearity of the charging reaction with enzyme concentration and time, for each amino acid. Extracts of the 10 mutants, prepared from Sm-starved cells, were then assayed for the activities of all 20 aminoacyltRNA synthetases at 30 C, using the predetermined appropriate reaction times and enzyme concentration. Table 1 shows the results for 10 amino acids. Activities less than twofold lower than the parent were not considered significant, but doubtful values were rechecked kinetically (time course of the reaction) and by using different extract concentrations. Three of the 10 mutants (EM 102, EM 111, and EM 120) appeared defective in their ability to charge tRNA with glutamic acid, with no apparent defect in the other 19 activities. The rest of the mutants examined showed no difference from the parent with regard to any of the synthetase activities. Mixing experi- Kinetics of charging with glutamate. The data in Figure 1 verify kinetically the defective charging ability of the three mutants in question. EM 107 was included since, in the screening, it gave a value that was next lowest after 102, 111, and 120. Its charging ability was no different from that of the parent. Two revertants of EM 111 (spontaneous revertants which do not require Sm for growth on complete medium) were included to indicate that the altered phenotype (Sm-dependence on complete medium) of the mutant corresponds to the altered charging capacity with glutamate. Further, to strengthen the conclusion that the mutant effect is specific for glutamate, the parent, mutant 111, and the two revertants were examined for their kinetics of charging with proline. The enzymes of all four strains behaved exactly the same. Also, addition of Sm to the glutamate assay mixture (final concentration of 200 ,ug/ml) showed no effect on either the parent or the mutant 111. This result was expected from studies with a conditionally Sm-dependent ornithine transcarbamylase mutant (7) .
Heat inactivation. In an attempt to show a structural difference between parent and mutants, the rate of inactivation at 50 C of EM 111 was compared with that of the parent. The results are shown in Fig. 2 (33) . Since the designation gitS has already been used for the structural gene of glutamate permease (18) , the loci specified by the 111 (and 102 presumably) and 120 mutations shall be referred to by the designations gitE and gltM, respectively.
For use in further experiments, DEAE-cellulose column preparations were made of extracts of the parent and three mutant strains (see Materials and Methods). After examining the parent extract for kinetics of charging at different enzyme concentrations, and for the amount of charging as a function of tRNA concentration, the Km values for glutamic acid were determined for the four extracts. The 10-fold difference between parent and mutants was verified, but the values in each case were threefold higher (see Table 3 , bracketed numbers). This result may reflect the loss, with enzyme purification, of a factor involved in substrate binding, as has been suggested for a different system (28) . It would be of interest to find out if further purification of the mutants yields enzymes displaying even higher Km values, and if the mutants differ among themselves in this regard.
To investigate the possibility that the two genetic loci might specify two different glutamyltRNA synthetases, each of which specifically charges a different subspecies of tRNAglU, extracts of the three mutants and the parent were examined for the kinetics of charging of each of two separated tRNAglu fractions (see Materials and Methods). The results are shown in Table 3 . All three mutant enzymes charged both fractions at lower rates than the parent. With the minor fraction, there was no apparent difference between the mutants, whereas, with the major fraction, the enzyme of EM 120 charged at a rate approximately two times lower than that of the enzyme of either EM 102 or EM 111. This result indicates a difference between 120 and the other two mutants, but the significance of this in terms of the lethality of each mutation is unclear.
The rationale for the following experiment was the possibility that the two genetic loci might specify nonidentical subunits of one enzyme (nonidentical since a lethal mutation was obtained at each locus). If this were true, then one might be able to obtain in vitro complementation by mixing the mutant extracts in pairs and looking for an increase in activity over that expected from the component extracts. To increase the chances of subunit formation (12), the glycerol concentration of each extract was decreased to less than 2 % by dilution with enzyme dilution buffer (0.1 % bovine serum albumin; Tris acetate, 0.01 M, pH (34) . Both hypothesis, however, make it difficult to explain why S100 extracts of mutants from both genetic loci, when examined for the charging of unfractionated tRNA, exhibit 10-fold higher K,, values for glutamate, unless one assumes that each mutant has become greatly derepressed for the synthesis of the altered isozyme and concomitantly repressed for the unaltered one. Furthermore, most of the present (E. coli) data are consistent with the existence of only one aminoacyl-tRNA synthetase for each amino acid (13, 23) . Preliminary evidence was presented (37) for the existence of several leucyltRNA synthetases in E. coli K-12, but a more recent study (26) indicates that the phenomenon is due to formation of aggregates of a single enzyme.
A third possible explanation of the functions of the gltE and gltM genes, other than two enzymes or nonidentical subunits, would be one enzyme made up of identical subunits, specified by one gene, and a modifying factor, specified by the other gene. The modifier might, during the course of subunit synthesis, perform on them an alteration necessary for their proper association or interaction, or both, with each other or with the enzyme substrates. This interpretation is more consistent with the results of the charging of the two tRNAglu fractions than is the two-enzyme hypothesis. In the latter case, one would expect that one enzyme would, for example, charge fraction I well and fraction II poorly, while the second enzyme would show the converse. Instead, the experiment indicated that all three mutants charge fraction II identically but that EM 120 charges fraction I twice as slowly as do the other two mutants. The hypothesis of one gene coding for a modifying factor is consistent with this result and also with the glutamate Km differences seen between parent and mutants. The modification of one synthetase has been shown (22) , and data suggesting the possibility of bacterial synthetase modifiers now exist (see reference 28, and discussion in the Results section of Km determinations on DEAE-cellulose extracts). The resolution of this problem of the two genetic loci must await further studies with fractionated tRNA and purified enzymes.
